Introduction
============

Allicin (diallyl thiosulfinate, Figure [1a](#F1){ref-type="fig"}) is the best-known active compound of freshly crushed garlic extract, and is known to possess a vast variety of biological effects: antimicrobial, anti-inflammatory, antithrombotic, anticancer, and antiatherosclerotic activities ([@B34]; [@B3]; [@B36]; [@B1]; [@B2]; [@B32]). This allyl-sulfur compound is synthesized as a result of condensation of allyl sulfenate, which is produced depending on the C-S lyase activity of alliinase (EC 4.4.1.4) on (+)-alliin ((+)-*S*-allyl-L-cysteine sulfoxide), a naturally occurring diastereomer, as illustrated in Figure [1a](#F1){ref-type="fig"} ([@B32]; [@B9]). Alliinase is therefore distinguished from *S*-alkyl-L-cysteine lyase (EC 4.4.1.6), which simply exhibits C-S lyase activity as to produce alkyl mercaptan in addition to pryruvic acid and ammonia (Figure [1b](#F1){ref-type="fig"}). Alliinase has been purified from garlic, onion, and other plants of the genus *Allium*([@B29]; [@B19]; [@B35]; [@B22]; [@B14]; [@B15]; [@B25]; [@B16]). The enzymatic production of allicin is thought to occur in nature as a result of injury of the plant tissue that enables interaction of the enzyme in vacuoles with alliin accumulated in the cytosol ([@B12]). Therefore, allicin production has been discussed as a defense mechanism of the plant against microbial infection or insect attack ([@B33]).

![**Reactions of alliinase (a) and *S*-alkylcyteine lyase (b)**.](2191-0855-1-2-1){#F1}

On-site production of allicin from a stable precursor alliin is attractive if this can be applied for various clinical purposes. In fact, with increasing interest in the efficacy of allicin in the purposes, its production has been devised both *in vitro*and *in vivo*with the aid of garlic alliinase ([@B20]; [@B30]; [@B8]). Alliinase from microbial origin is another choice for this purpose. ([@B21]) first reported the occurrence of alliinase in microbial world based on the detection of the corresponding enzyme activity in acetone-powdered cell-free extract from *Bacillus subtilis*. ([@B7]) then reported the production of the enzyme by *Penicillium corymbiferum*. The partially purified enzyme stoichiometrically converted alliin to pyruvic acid, ammonia, and allicin, showing none of lyase activity on *S*-alkyl-L-cysteine. In the present study, we isolated a microorganism, which generates allicin-like odor during the growth in medium containing (±)-alliin, and purified the enzyme involved in the metabolic conversion of this amino acid derivative into an odorous compound. We hereby report isolation of an alliinase-producing bacterium, purification of the bacterial enzyme, and its substrate specificity characterized by the selectivity toward (-)-alliin. We also evaluate a combination of the enzyme and alliin with respect to on-site generation of allicin-dependent fungicidal activity using the yeast *Saccharomyces cerevisiae*as a model of fungal cells.

Materials and methods
=====================

Isolation of alliinase-producing microorganism
----------------------------------------------

Appropriately diluted suspension of each soil sample was plated onto a synthetic medium (12% (*w/v*) Na~2~HPO~4~, 0.3% KH~2~PO~4~, 0.1% D-glucose, 0.05% NaCl, 0.002% CaCl~2~, 0.0003% MgSO~4~·7H~2~O, and 2% (*w/v*) agar, pH 6.2), in which (±)-alliin was added at the concentration of 0.1% as a sole nitrogen source. After 7-days incubation at 25°C, colonies formed were isolated as alliin-utilizing strains, and were independently inoculated onto the agar plates for evaluation of odorous compound production. Six strains were chosen, but cells of these strains were poorly grown in the liquid synthetic medium with the above composition. Therefore, alliinase activity was assayed with cells cultivated in the nutrient medium as described in the following section. A strain with the highest activity was chosen and designated strain FERM P-19486, which has been deposited in the National Institute of Advanced Industrial Science and Technology (Tsukuba, Japan).

Identification of isolated strain FERM P-19486
----------------------------------------------

Strain FERM P-19486 was identified on the basis of 16S rDNA sequence in addition to the morphological and physiological properties examined according to the guideline of ([@B6]). The genomic DNA was extracted with the DNeasy Tissue Kit (QIAGEN, Valencia, CA). PCR amplification of the 16S rDNA and its sequence analysis were performed with the MicroSeq Full Gene 16S rDNA kit (Applied Biosystems, Foster City, CA).

Enzyme assay
------------

The standard alliinase assay mixture contained 40 mM (±)-alliin, 20 μM pyridoxal 5\'-phosphate (PLP), 50 mM sodium phosphate (pH 7.0), and enzyme in a total volume of 1.0 ml. Alliinase activity was determined by colorimetrically measuring pyruvic acid produced in the reaction as described by ([@B7]). One unit of the enzyme activity was defined as the enzyme amount that catalyzed the formation of 1 μmole of pyruvic acid per min at 30°C. Protein concentration was measured according to the method of Bradford using bovine serum albumin as a standard ([@B5]).

Measurement of alliin, allicin, and ammonia
-------------------------------------------

In the reaction with (±)-alliin, the remaining concentrations of (+)-alliin and (-)-alliin were measured by HPLC using a reverse-phase C~18~column (YMC-Pack ODS-AM, YMC Co., Kyoto, Japan) at 220 nm. In this HPLC analysis, (+)-alliin and (-)-alliin could be separated by isocratic elution, which was done with 10 mM sodium phosphate buffer (pH 7.5) containing 5 mM tetra *n*-butylammonium dihydrogenphosphate at a flow rate of 1.0 ml per min. Allicin was also measured by HPLC using the same column except that it was isocratically eluted with a mixture of acetonitrile, H~2~O, and tetrahydrofuran at a ratio of 30: 67: 3 (*v/v*) and detected at 240 nm. Ammonia were colorimetrically measured as described by ([@B18]).

Enzyme purification
-------------------

### (*i*) *Preparation of cell free extract*

Strain FERM P-19486 was routinely grown in the nutrient medium, which consisted of 3% (*w/v*) bouillon (Nissui Co., Tokyo, Japan), at 30°C for 3 d with vigorous shaking. Cells from 1,000 ml culture were collected by centrifugation at 7,000 × *g*for 10 min, washed, and suspended with 0.02 M sodium phosphate buffer, pH 7.0 (buffer A). Cells were then disrupted by ultrasonic treatment at 0°C using a Branson Sonifier 250, and the supernatant obtained after removing cell debris was used as a crude enzyme.

### (*ii*) *DEAE-cellulose column chromatography*

The supernatant was put on a DEAE-cellulose column (3.0 × 14.0 cm) equilibrated with buffer A. After washing the column with the same buffer, the enzyme was eluted with buffer A containing 0.05 M NaCl.

### (*iii*) *Phenyl-sepharose column chromatography*

After addition of NaCl to the active fraction at 1.5 M, it was then put on a phenyl-sepharose (Amersham Pharmacia Biotech, Uppsala, Sweden) column (1.5 × 3.0 cm) equilibrated with buffer A containing 1.5 M NaCl. After washing the column with the same buffer, the enzyme was eluted with buffer A. The active fractions were combined and dialyzed against buffer A.

### (*iv*) *Aminohexyl-sepharose column chromatography*

The enzyme was put on an aminohexyl-sepharose (Sigma-Aldrich, St. Louis, MO) column (1.5 × 6.0 cm) equilibrated with buffer A. After the column was washed with the same buffer, the enzyme was eluted with a linear gradient of buffer A to buffer A containing 0.3 M NaCl. The volume of each fraction was 5 ml. The active fractions were combined and concentrated to about 500 μl with an Ultrafree-MC (30,000 NMWL, Millipore, Bedford, MA).

### (*v*) *Mono Q column chromatography*

The enzyme solution was then applied to a Mono Q (Pharmacia, Uppsala, Sweden) column (5.0 × 50 mm) equilibrated with buffer A. After the column was washed with the same buffer, the enzyme was eluted with a linear gradient of buffer A to buffer A containing 0.2 M NaCl. The flow rate was 1 ml/min. The active fractions were combined and concentrated to about 50 μl with an Ultrafree-MC (30,000 NMWL).

### (*vi*) *Gel filtration*

The enzyme was then applied to a TSK-GEL (TOSOH, Tokyo, Japan) column (7.8 × 300 mm) equilibrated with buffer A. The flow rate was 1 ml/min. The active fractions were combined and used as the purified enzyme.

Electrophoresis
---------------

The purity of the enzyme was examined by native-polyacrylamide gel electrophoresis (PAGE) using 8% polyacrylamide gel at a constant current of 20 mA per gel at 4°C. For detection of alliinase activity, gel slices were cut from another lane with the same sample, and each gel slice was directly incubated in 100 μl of the standard alliinae assay mixture at 30°C for 30 min. Allicin produced in the mixture was measured by HPLC. Sodium dodecyl sulfate (SDS)-PAGE was carried out using 10% (*w/v*) polyacrylamide gel at a constant current of 20 mA per gel, in which broad-range molecular mass standards (Bio-Rad Laboratories, Tokyo, Japan) were simultaneously run. Proteins were detected by silver staining.

Molecular mass determination
----------------------------

The molecular mass of the native enzyme was estimated by gel filtration using a TSK-GEL column. The operating condition was already described above. The column was calibrated by using the standard proteins: thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and bovine serum albumin (66 kDa). The molecular mass of the enzyme under denaturing conditions was determined by SDS-PAGE.

Measurement of cell viability in medium containing (±)-alliin and P-19486 alliinase
-----------------------------------------------------------------------------------

*S. cerevisiae*W303-1A cells were grown at 30°C for 16 h with vigorous shaking in YPD medium containing 1% (*w/v*) yeast extract, 2% (*w/v*) peptone, and 2% (*w/v*) D-glucose. An overnight-grown culture was diluted with freshly prepared YPD medium to obtain an initial cell density of 10^7^cells/ml, in which PLP was supplemented at 20 μM. Incubation was then started at 30°C with the addition of various concentrations of (±)-alliin and FERM P-19486 alliinase. Aliquots of the cell suspension were withdrawn, diluted, and spread onto YPD-agar plates to measure the viable cell number as colony-forming units after a 24-h incubation at 30°C.

Chemicals
---------

(±)-Alliin, (+)-alliin, and allicin were products of LKT Laboratories, Inc (St. Paul, MN). *S*-Methyl-L-cysteine and *S*-ethyl-L-cysteine were obtained from ICN Pharmaceuticals, Inc (Costa Mesa, CA). *S*-Methyl-L-cysteine sulfoxide was from Research Organics, Inc (Cleveland, OH).

Results
=======

Identification of strain FERM P-19486
-------------------------------------

As summarized in Table [1](#T1){ref-type="table"}, strain FERM P-19486 is a rod-shaped bacterium with a size of 1.2-2.0 μm in length and 0.6-0.7 μm in diameter. The bacterium was Gram-negative, aerobic, non-spore forming, motile, catalase-positive, and cytochrome oxidase-positive. Gelatin and starch were not utilized. In addition to these morphological and physiological properties, the carbohydrate and amino acid assimilation patterns were identical to those described for a type culture of *Ensifer adhaerens*except for the growth defect of the isolated strain FERM P-19486 at 37°C ([@B6]; [@B27]). 16S rDNA sequence of strain FERM P-19486 showed 100% homology to that of *E. adhaerens*ATCC 33499 ([@B26]), which is sited at GenBank ([AF191738](AF191738), <http://www.ncbi.nlm.nih.gov/nuccore/6180038>), agreeing with the identification of the strain to be *E. adhaerens*.

###### 

Tanxonomical features of strain FERM P-19486

  ---------------------------------------------------
  Shape                  Short rods\
                         (0.6 - 0.7 × 1.2 - 2.0 μm)
  ---------------------- ----------------------------
  Motility               \+

  Spore                  \-

  Gram stain             \-

  Anearobic growth       \-

  Cytochrome oxidase     \+

  Catalase               \+

  OF test                Acid

  Nitrate reduction      \+

  Urease                 \+

  Gelatin liquefaction   \-

  Starch hydrolysis      \-
  ---------------------------------------------------

Purification of P-19486 alliinase
---------------------------------

The enzyme was purified 300-fold from the crude extract with the overall yield of 1.2% (Table [2](#T2){ref-type="table"}). The purified preparation was shown to be homogenous by native-PAGE, in which allicin produced from alliin was detected with the corresponding protein band (Figure [2](#F2){ref-type="fig"}). The specific activity of P-19486 alliinase was slightly reduced at the final step of purification, suggesting the loss of stability in association with the purity increase. The addition of PLP to buffer A used during chromatography was ineffective in preventing the loss of activity. Unlike the case with heat denaturation, however, the specific activity remained at a constant level for at least 1 week at -20°C or even at 4°C. It remains to be solved whether the enzyme requires a certain factor for the maximum activity.

###### 

Purification of alliinase from *E. adhaerens*FERM P-19486

  -----------------------------------------------------------------------------------------
  Purification step      Protein\   Total activity\   Sp. Act\     Yield\   Purification\
                         (mg)       (units)           (units/mg)   (%)      (fold)
  ---------------------- ---------- ----------------- ------------ -------- ---------------
  Crude extract          209.81     73.0              0.3          100      1

  DEAE-cellulose         9.60       30.0              3.1          41.1     10

  Phenyl-sepharose       1.94       22.4              11.5         30.7     38

  Aminohexyl-sepharose   0.29       7.5               25.9         10.3     86

  Mono Q                 0.04       4.1               102.5        5.6      341

  TSK-GEL                0.01       0.9               90.0         1.2      300
  -----------------------------------------------------------------------------------------

![**PAGE of purified P-19486 alliinase (left) and the detection of the enzyme activity on the gel (right)**. The purified enzyme (100 ng) was applied to each lane and was run at a constant current of 20 mA at 0°C. After electrophoresis, one lane was used for protein staining (left) and the other one was for alliinase assay. Closed bar of right hand side indicates the location of allicin production on the gel](2191-0855-1-2-2){#F2}

Physicochemical properties
--------------------------

P-19486 alliinase had a molecular mass of 96 kDa, and consisted of two subunits identical in molecular mass (48 kDa), as judged by the analyses based on gel filtration and SDS-PAGE. P-19486 alliinase was most active at 60°C, though the enzyme was unstable above 20°C, as seen from the loss of activity to 42% of the maximum value (Figure [3a](#F3){ref-type="fig"}). The enzyme was stable in the alkaline pH range between 7.0 and 9.0, in which the maximum activity was detected at around pH 8.0 (Figure [3b](#F3){ref-type="fig"}). This suggested that the substrate alliin contributed to the maintenance of enzyme stability during incubation at 60°C. Alliinases so far reported are typical PLP-dependent enzyme ([@B35]; [@B10], [@B11]). The activity of P-19486 alliinase in the absence of PLP was only 14.3% of that detected in the presence of 20 μM PLP, suggesting that PLP is also a cofactor of this enzyme.

![**Effects of temperature (a) and pH (b) on P-19486 alliinase**. In (a), the optimum temperature (open circle) was determined by incubating the enzyme under the standard assay condition at each temperature. In the assay of thermal stability (closed circle), the enzyme activity was measured by the addition of (±)-alliin to the standard assay mixture, in which the enzyme had been preincubated at each temperature for 30 min. In (b), the optimum pH (open circle) was determined by incubating the enzyme under the standard assay condition where pH of the mixture was adjusted as indicated. In the assay of pH stability (closed circle), the enzyme activity was measured by the addition of (±)-alliin to the standard assay mixture, in which the enzyme had been preincubated at 4°C and at each pH for 30 min](2191-0855-1-2-3){#F3}

Selectivity toward diastereomer of alliin
-----------------------------------------

Two diastereomers, (+)-*S*-allyl-L-cysteine sulfoxide and (-)-*S*-allyl-L-cysteine sulfoxide, exist in the molecular structure of alliin because of the asymmetry of the sulfoxide group. As summarized in Table [3](#T3){ref-type="table"}, P-19486 alliinase exhibited the lyase activity on (±)-alliin more effectively than (+)-alliin, reflecting its selectivity toward (-)-alliin. The enzyme was also active on (±)-*S*-methyl-L-cysteine sulfoxide with a higher *V*~max~value than (+)-alliin. This should also reflect its selective action on (-)-isomer of the substrate. The *K*m value of P-19486 alliinase for (±)-alliin was 2.3 mM, and was apparently lower than that for (+)-alliin (5.7 mM), suggesting that the *K*m value for (-)-alliin might be around 1 mM or less. We therefore examined whether P-19486 alliinase can selectively react with (-)-alliin under the condition where the concentration of each diastereomer was adjusted to the level less than the possible *K*m value for (-)-alliin. As shown in Figure [4](#F4){ref-type="fig"}, P-19486 alliinase could selectively decompose (-)-alliin, whereas the level of (+)-alliin was kept unchanged at least during 30-min incubation.

###### 

Substrate specificity of alliinase from *E. adhaerens*FERM P-19486

  Substrate                             Kinetic constants           
  ------------------------------------- ------------------- ------- ------
  (±)-Alliin                            90.0                2.3     39.1
  (+)-Alliin                            18.5                5.7     3.2
  *S*-Allyl-L-cysteine                  66.1                10.6    6.2
  *S*-Methyl-L-cysteine                 15.3                \-^b^   \-
  (±)-*S*-Methyl-L-cysteine sulfoxide   53.6                \-      \-
  *S*-Ethyl-L-cysteine                  29.7                \-      \-
  L-Cysteine                            1.6                 \-      \-

^a^The *V*~max~value was obtained by the rate of pyruvic acid production in the standard reaction mixture containing each substrate at 40 mM.

^b^Not tested.

![**Conversion of (±)-alliin to pyruvic acid, ammonia, and allicin by P-19486 alliinase**. The reaction mixture containing 1 mM (±)-alliin, 20 μM PLP, and P-19486 alliinase (0.1 unit) in 1.0 ml of 50 mM sodium phosphate buffer (pH 7.0) was incubated at 30°C. Portions were withdrawn for the measurement of pyruvic acid (open square) and ammonia (closed square) by the colorimetric methods. The concentrations of (+)-alliin (closed circle), (-)-alliin (open circle), and allicin (open triangle) were measured by the HPLC-analyses.](2191-0855-1-2-4){#F4}

Generation of a fungicidal activity in medium containing (±)-alliin and P-19486 alliinase
-----------------------------------------------------------------------------------------

(±)-Alliin itself weakly inhibited the growth of *S. cerevisiae*cells at 40 mM (data not shown). In medium containing 1 mM (±)-alliin, however, the yeast cell growth was absolutely inhibited in the presence of P-19486 allinase at 0.64 unit per ml (Figure [5a](#F5){ref-type="fig"}). At the same dose, the enzyme could generate a significant lethal damage in medium containing (±)-alliin at 2 mM (Figure [5b](#F5){ref-type="fig"}). Under the condition, the rate of allicin production should be dependent on the substrate concentration, as deduced from the *K*m value of the enzyme (2.3 mM). As expected, the enzyme was effective for causing cell death at a lower dose (0.32 unit per ml) in medium where the concentration of (±)-alliin was increased up to 4 mM (Figure [5c](#F5){ref-type="fig"}). These results indicate the possibility of applying P-19486 alliinase for on-site generation of allicin-dependent fungicidal activity.

![**Generation of a fungicidal activity in the presence of (±)-alliin and P-19486 alliinase**. *S. cerevisiae*cells were incubated in YPD medium containing (±)-alliin at 1 (a), 2 (b), and 4 mM (c), in which P-19486 alliinase wad supplemented at 0.04 (open circle), 0.16 (closed circle), 0.32 (open square), and 0.64 unit per ml (closed square). Viability was expressed as colony-forming units.](2191-0855-1-2-5){#F5}

Discussion
==========

The alliinase-producing bacterium FERM P-19486 was identified as *E. adhaerens. E. adhaerens*constitutes a group of non-nodulating bacteria that do not harbor *nifH*gene, but the genus *Ensifer*, comprising the former *Sinorhizobium*species and *Ensifer adhaerens*, contain bacteria capable of nitrogen fixation in symbiosis with leguminous plants ([@B17]).

Plant alliinases so far reported are homodimeric glycoproteins consisting of two identical subunits ([@B29]; [@B19]; [@B35]; [@B22]; [@B14]; [@B15]; [@B25]; [@B16]; [@B10], [@B11]). Microbial alliinase has been only roughly purified from a fungus *P. corymbiferum*so that general properties of the fungal enzyme are mostly kept unknown ([@B7]). P-19486 alliinase consisted of 2 homologous subunits and this homodimeric subunit composition is quite similar to those of the enzymes from garlic and onion. PLP is a cofactor essential for the C-S lyase activity of alliinase so far reported ([@B35]; [@B10], [@B11]; [@B31]). Although each subunit of alliinase contains one tightly bound PLP, its exogenous addition enhances the enzyme activity as the purification proceeds ([@B29]; [@B19]). Such an enhancement effect of PLP on the enzyme activity also suggested the involvement of bound PLP in the C-S lyase activity of P-19486 alliinase.

There exist two diastereomers, (+)-*S*-allyl-L-cysteine sulfoxide and (-)-*S*-allyl-L-cysteine sulfoxide, in the molecular structure of alliin because of the asymmetry of the sulfoxide group. These diastereomeric forms may not equally serve as a substrate for alliinase, if the stereochemically active center is involved in the enzyme reaction. Garlic alliinase more rapidly hydrolyzes (+)-alliin, a naturally occurring substrate for the enzymatic synthesis of allicin, than (-)-alliin ([@B34]; [@B12]; [@B11]; [@B31]). P-19486 alliinase seems to have a distinct amino acid sequence around the active site region for its strong contact with the sulfoxide group of (-)-alliin.

Alliinase shows a strict specificity toward alliin except that onion root isoforms, which are different in glycosylation, exhibit an additional activity toward L-cystine to a limited extent ([@B13]). Therefore, plant alliinase is fundamentally distinguished from *S*-alkyl L-cysteine lyase (EC 4.4.1.6), which stoichiometrically converts *S*-alkyl L-cysteine to *S*-alkyl mercaptan, pyruvic acid, and ammonia, as illustrated in Figure [1b](#F1){ref-type="fig"} ([@B28]; [@B23]; [@B18]). *S*-Alkylcysteine lyase from the bacterium *Pseudomonas cruciviae*similarly catalyzed the lyase action on (±)-*S*-alkyl-L-cysteine sulfoxide including (±)-alliin though the additional condensation reaction for allicin synthesis is not known for this bacterial enzyme ([@B23]). In the sense, P-19486 alliinase is a novel enzyme that can alternatively exhibit the allicin synthetic activity on (-)-*S*-allyl-L-cysteine sulfoxide, (-)-alliin, and the C-S lyase activity on *S*-alkyl-L-cysteine (Table [3](#T3){ref-type="table"}).

Allicin exhibits antifungal activity against various fungi including *S. cerevisiae*and the pathogenic yeast *Candia albicans*([@B2]). In addition, allicin can enhance the fungicidal activity of amphotericin B, the most representative antifungal antibiotic, against these yeast strains ([@B24]; [@B4]). A chemically synthesized allicin was used in these studies, whereas its enzymatic synthesis or even on-site production has been examined with the aid of garlic alliinase ([@B20]; [@B30]; [@B8]; [@B33]). It was doubtful whether P-19486 alliinase can be industrially or medically applied for allicin production because of its low thermal stability. However, this bacterial enzyme could effectively catalyze the corresponding allicin synthetic reaction using (±)-alliin at the concentration lower than the *K*m value (see Table [3](#T3){ref-type="table"} and Figure [4](#F4){ref-type="fig"}). In agreement with this fact, P-19486 alliinase could successfully generate a fungicidal activity using (±)-alliin as a precursor, which is easily synthesized by chemical oxidation of *S*-allyl-L-cysteine. The bacterial enzyme may be more beneficial when used in combination with garlic enzyme with respect to absolute conversion of (±)-alliin to allicin.
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